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Numerous mvestigators have {L])l‘jl{;a—(‘hcd by means of various ex-
perimental techniques the problem of the volume of water which may
pass in a given time through the mantle cavity of lamellibranch mollusks.
The establishment of an approximate, or even a minimum figure for the
volume of water pumped per day by any of the many marine plankton-
feeding animals would be of interest to physiologists who may be con-
cerned with nutritional, respiratory, or excretory activities of the animal
itself, to planktologists whose problems deal with the numerous factors
which influence the numbers and distribution of microscopic plants and
animals that may be consumed by the filtering animals, and to ocean-
ographers who seek information regarding biological factors concerned
i modifications of the physical and chemical character of both water
and bottom in various regions of the sea. In many instances, those who
have contributed to our knowledge of the water-filtering and feeding
activities of lamellibranchs have been primarily interested in the sanitary
and other technical aspects of cultivating oysters and mussels for human
consumption. Thus Viallanes (1892) presented approximate figures
for the relative rates of filtration of water by French oysters, Portuguese
oysters, and mussels. He placed the animals in separate crystallizing
dishes upon the bottom of a tank supplied with flowing sea water, keep-
ing initially empty dishes of the same size and design alongside of the ex-
perimental ones, in the same tank. At the end of a specified time inter-
val the material which had been filtered from the water by the animals,
and ecither swallowed and later voided as fecal material, or else rejected
as pseudofeces directly from gill and mantle surfaces, was collected.
dried, and weighed. The weight of filtered material was obtained by sub-
tracting that of the detritus which had settled out of the water by gravity
into the control dishes. Viallanes performed similar experiments niore
critically by dispersing a known quantity of dry clay in a given volume
of water, drying and weighing the quantities of clay deposited by the
different bivalves after 24 hours. From his first experiment, wherein
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the suspended material naturally present in the sca water was the only
available particulate matter, he caleulated that his animals (of age = 18
nonths ) filtered water at the following relative rates: French oyster,
1.0; Portuguese ovster, 5.5; mussel, 3.0.  The clay experiments, how-
ever, showed very different results, which were Ieft undiscussed.  Table
I shows briefly his results.

Viallanes found that the mucus which was scecreted by the mollusks
and in which the precipitated clay was incorporated, weighed only 4 per
cent of the weight of the whole mass.

Ranson (1926) cites the work of Viallanes and reports briefly his
studies of the mechanism of filtration.  Doth investigators emphasize
the importance of the filtering function of lamellibranch plankton- and
detritus-feeders to ostreieulturists and to occanographic science.

TapLe I

Filtration and deposition of suspended clay by Viallanes' lamellibranchs.

Minimum volume
Initial Weight of of water
Animal quantity of clay deposited filtered per
dry clay in 24 hours hr. (our
calculation)
gram/liter grams liters
Mussel (18 months). ...... ... . 0.0546 1.768 1.35
Portuguesce oyster (18 months). .. 0.0546 1.075 0.82
French oyster (18 months). ... .. 0.0546 0.199 0.015

Criticisiis of Viallanes' experiments which must be borne in mind
arc: (1) in his first experiments with naturally-occurring particulate
matter, the portion of the material which had been actually swallowed,
the undigested residue of which was finally voided as fecal material,
must have undergone changes of various kinds and degrees depending
upon the relative rates and processes of digestion in the different species,
and have subsequently vitiated the interpretations that were based
merely upon relative weights; (2) in both of the expertiments, the
quantities of detritus or clay which had been removed from the water
but still remained in the animals’ alimentary tracts were not weighed or
considered.  Siice in cach case such small total weights were heing
measured, this item might have constituted a considerable, though by
1o means predictable or constant fraction of the total figure.

Galtsoff (1926, 1928q, 19280) measured the rate of flow of water
through the gill chamber of the American oyster, and caleulated the
work done by the propelling cilia.  THe used two methods, one a direct
one in which the water issuing from the exhalant chamber was collected
in a measuring vessel, the othier in which the rate of advancement of a
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streami of water flowing from the exhalant chamber through a glass
tube was measured by stop-watcli.  Both methods involved the inser-
tion of a small glass rod between the opened valves to prevent their
closing, and placing into the gill cavity a rubber tube, to carry off the
discharged watcer, packing other open spaces around the tube with cotton.
Galtsoff (1928b) records a maximum figure of about 3.9 liters per hour
for the water intake of a single healthy adult oyster three to four inches
in length at a temperature of 25° C.; the temperature at which the high-
est rate of flow occurred was found to be between 25° and 30° C. e
poiuts out, and shows by collected data the fact that considerable varia-
tions exist in the rate of flow produced by individual oysters. His
average temperature-flow rate curve, taken from data collected in the
study of many individuals, shows, at temperatures close to 30° C., a
maximal rate of about 2.4 liters per hour while at 20° C. the average
rate lies close to 2 liters per hour. At temperatures between 24 and
27.9° C., filtration took place at the rate of from 2.5 to 2.9 liters per
hour. He points out that the filtering action of the oyster is dependent
upon two mutually independent functions, namely the beating of the
cilia and the opening and closing of the valves of the shell, the process
occurring only when the valves are apart and the cilia beating. His
studies showed that the oyster keeps its shell open for an average time
of about seventeen hours out of twenty-four. (June to October.)

Numerous attempts have been made to estimate the rate of flow of
water through the gill chambers of lamellibranchs on the basis of plank-
ton counts in the water itself, and in the animals’ stomachs. The results
are, however, not satisfactory because, as Galtsoff (1928b) points out,
there are daily and seasonal variations in plankton numbers in the water;
not all of the diatoms filtered out by the gills are ingested but may be
rejected instead. Such experimental work should, however, if carefully
controlled, afford minimum figures. It would seem for various reasons
probable that most methods used to date might be expected to yield re-
sults that are lower than the true figure for the volume of water filtered
per day.

Various investigators (see also Galtsoff, 19280) have obtained widely
different results for the rate of water-pumping by plankton feeders.
Collateral data regarding temperature are, however, not always avail-
able. Briefly, the general conclusions may be recorded as shown in
Table 11.

The inconsistencies which appear from an examination of these
figures serve to emphasize the wide variations according to the method
used, and the unreliability of the plankton count method. Galtsoft’s
studies convinced him that as many as 189 per cent of phytoplankton
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such as the diatoms Chetoceros and Rhizosolenia, and the dinoflagellates
Peridinivm oceanicum and Ceralium might escape being caught while
passing through the gills, and that from 50 to &9 per cent of bacteria
present i the water passed the gills of his ovsters. Work at this Inst-
tution. however, shows that the mussel is quite successful in removing
bacteria from water.  Thus ZoBell and Landon (1937) demonstrated
that the mussel removed about 99.9 per cent of added bacteria from sca
water.  (See also Fox et al., 1930.)

Without doubt, Galtsoff's direct methods are the most accurate for

Tasre 11

Filtration of water by plankton-feeders.

Average rate of
Investigator Animal Method | filtration (liters per
hour per animal)

Grave (1905).. .| Oyster Plankton counts tn water | 0.167
and stomachs
Moore (1913) . .| Oyster Plankton counts in water | ca. 1.23
and stomachs
Allen (1914) . . .| Freshwater) Rubber tube packed into | 1.4
mussel exhalant chamber
Wells (1916) . . .| Oyster Plankton counts in water | 7.5
and stomachs
Nelson (1921). .| Oyster Rubber apron dividing in- | 5.7 (but sce text below)
halant and exhalant
chambers
Galtsoff (1926,
1928a, b). .. .| Oyster Rubber tube packed into | 2.5-2.9at 24-26.9° C.
exhalant chamber
Dodgson (1928) | Musscl Clearing of suspensions 2.0 (minimam, av 17°C.)
(Mytilus
cdulis)
Parker (1914). . Sponge Glass tube ued into oscu- | 3.2
(Spino- lum
sella)
Damas (1933) .. Cardium Clearing of mud suspen- | 0.1
‘ sions |

-l |

the measurement of the rate of flow of water through the mantle cavity
under the condittons imposed upon the oyster. Needless to say, a
question arises in one’s inind regarding the possible influences that hlock-
ing the valves apart with a glass rod, inserting a rubber tube into the ex-
current chamber, and packing the openings in the mantle surrounding
the inserted tube with wads of cotton night exert upon the normal feed-
ing and filtering behavior of the animal.

Nelson (1935) refers to carlier efforts to measure the water filtered
by an ovster, and to the fact that very diverse results were obtained.
Hle writes, © The introduction of a tube nto the cloacal chamber mter-
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feres with normal operation of the branchial hearts described by Hop-
kins and may disturb the visceral ganglion.”  He adds, “ Also, in Ostrea
virginica much ot the water from the right demibranch leaves by an
asymmnictric chamber on the right side and separate from the cloacal
chamber.”  Using a modification of the rubber apron of Moore (1908),
he claims to have measured all the water passed by an oyster, without
interfering with its normal activities.  He reports the amazing value of
26 liters of water per hour, passed by an oyster 11.5 X 89 em. in size,
at the optimum temperature of 30° C. This is about tenfold the average
values found by Galtsoff for the ovster and by ourselves for the musscl.
Fresh oyster sperm were found by Nelson to inerease markedly the
rate of water propulsion by male oysters, while in females no response
was observed unless spawning occurred, in which case the filtration-rate
was temporarily reduced.

Parker (1914) reports on the strength and volume of water currents
produced by sponges. He measured the average height to which the
excurrent stream of water might reach when glass tubes of appropriate
size were tied securely into an osculum. By measuring the rate at which
carmine particles, etc., were carried out of a glass tube of known dimen-
sions, Parker concluded that the sponge Spinosella discharged water
from its oscula at a rate of about +.5 ce. in five seconds, or about 78
liters per day. A colony of Spinosclla having as many as twenty oscula
might, he concluded, strain in a day more than 415 gallons of water.

Damas (1935) studied the activities of plankton-feeders, especially
Cardium and other lamellibranch moltusks, with reference to their role
in the deposition of marine muds. He calculated, on the basis of quanti-
tative observations of the extraordinary rate of deposition of mud pel-
lets by Cardiwm, that 1,000 such individuals produce, on an average, a
layer of mud of 0.45 meter in thickness per square meter per ycar, or
1,250,000 cubic meters of mud per year in the 250 hectares (1 hectare
— 10,000 sq. m.; 2.471 acres) colonized by Cardium in the roadstead of
Zeebrugge.

The question of the natural filtration rate has been approached by
Dodgson (1928) and by ourselves under conditions which would seen:
to simulate more closely those of nature. Dodgson and co-workers,
working with the bay mussel, Mytilus edulis, at Conway, \Wales, pre-
pared turbid suspensions of different substances such as flour, clay, fine
stlt, and even ordinary muddy river water, in sea water.  On the basis
of many experiments, Dodgson claims that *“ end-points,” i.c. the time at
which the formerly cloudy solutions become quite limpid, could be deter-
mined without difficulty, the last traces of turbidity disappearing almost
suddenly. At 17° C., mussels placed in turbid suspensions of fine silt,
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mud, clay. or flour filtered the water to clarity at estimated minimum
rates varying between 1.9 and 2.6 liters per hour per mussel.  His av-
crage figure of about 2 liters per hour per mussel is expressed as being
probably far less than the actual quantity, since, in order to remove quan-
titatively a suspended substance {from a given mass of water, the animal
must, because of the constant mixing of the filtered with the unfiltered
water, pass some of the water through its mantle cavity many times
over, cven should the water issuing from the exhalant siphon be com-
pletely cleared.
JENPERIMENTAL

In our work with the California sea mussel, Mytilus californianus,
which unlike the M. edulis that inhabits bays, estuaries and river mouths,
attaches itself to rocks and pilings ncar open, unprotected shores, we
used some refinements of Dodgson’s general method.  We considered
that scrial measurements of a finely divided substance remaining sus-
pended in a given mass of water in which mussels were immersed should
provide approximate data regarding the rate of filtration of the water by
the animals.

We have not overlooked the fact that individual animals may vary
considerably in their relative rates of propelling water through their gill
chambers; we have also considered the possibility that the rate of filter-
ing by the animal may depend to a considerable extent upon such factors
as (a) particle size, (b) concentration and (¢) chemical nature of the
chosen suspended material (i.c. whether of nutritional. inert, or injurious
character), and the possible influence of such properties upon mucus
secretion, ciliary motion, and frequency of closure of the valves.

For convenience m analyzing at intervals remaining suspended mate-
rial, and i order to duplicate to some extent the conditions of nature,
use was made of a calcareous marme mud, whitish to light grey in color,
from Bird Key Harbor, Florida.  In preliminary experiments ? use was
made of material which, according to Dr. 5. M. Thorp, had passed
through a 0.48-mm. mesh screen.  Its introduction into water in which
mussels were immersed had no pereeptible mfluence upon the animals,
which remained with valves apart and continued to filter water.  Mus-
sels when kept out of water for a short interval, then placed in a very
turbid suspension of the mud, opened their valves without delay, and
began
illustrative of the rather striking clartfication of turbid water in a rela-

“pumping 7 water.  Figures 1— show a series of photographs

tively short time.  Into cach of two graduated cylinders, cach containing

2 These were undertaken in the early summer of 1935 by the senior author in
collaboration with Dr. Raoderick Craig of the Division of LEntomology and Para-
sitology, University of California.
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Figs. 1-4. Removal of mud from suspension by a mussel.  (Photographs by
Dr. R. Craig.)
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2.000 cc. of sea water, were placed 20 grams of the calcareous mud
which was mixed with the water by several inversions of the temporarily
stoppered containers.  After the coarsest partictes had settled out within
a few minutes, the containers were placed in a window to afford goad
lightimg, and a large mussel of 17 em. length, wud weighing about 483
grams, was placed i the one on the left side. The first photograph
shows an identical degree of turbidity in the two suspensions at the be-
ginning. as noted in the faint Tyndall heam from the edges of the cards
strapped at the rear outer wall of cach evlinder.  In hali an hour (g,
2. the turbidity in the mussel-containing jar had been greatly decreased,
and the picture shows the printed letters upon the card. casily legible
through the water.  In 30 minutes (15g. 3) the turbidity in the left con-
tainer was all but gone, and in the last of the series (1 hour and 43
minutes) we see a perfectly clear solution.  Note particularly the serial
appearances of the string by means of which the animal had been low-
ered slowly mto the container.  The temperature of the collected sea
water was imtially about 207 1o 217 C.. and could have inereased by not
more than a degree or two.

Inspection of the sediment at the bottom of containers on the day
following a filtration experiment revealed three types of precipitated
mud: (1) very fine, homogencous powder which had settled ont by
gravity: (2) piles of pseudoteces i the form ot amorphous, stringyv
masses of material which had been filtered out by the mmnssel, incorpo-
rated m mmeus, and expectorated from the mantle at the excurremt
siphon: the extruston of this material could e observed continuously
from the begimming of the experiment: (3) true characteristic feces i
the form of short, discrete, flattish straps composed of the mud which
had been ingested by the mussel.

The intricate arrangements possessed by lamellibranchs for filtering
the fine detritus and small organisms from water have been described
and discussed extensively by other authors ¢ Moore, 1903 Allen, 1914
Kellogg. 1915 Dodgson, 1928 Yonge, 1928 and others cited especially
by the latter).

We know from the experiments reported i this paper and from
previous ones (Fox et al. 1936) that the material filtered hy the mussel
Trom water may he in part swallowed (even i1 inert and nutritionally
useless) and in part expectorated in mucos-laden strings or pseudofeces
from the edges of the mantle, especially 1f the water contains a great
amount of suspended matter. We were not m this particular study
interested primarily in the relative quantities that were swallowed or
rejected ; we were interested in the rate of diminution of suspended
material, b made prefiminary measurements # in order to learn (1) how

A In the late summer of 1935 by the senior anthor joinly with Mr. Rae
Schwenck, from the Department of Chemistry, Sacramento Juntor College.
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rapidly water may be propelled through the gill chiamber of the mussel
during such metabolic activitics as feeding, respiration and excretion,
and (2) how rapidly suspended organisms or other material may be re-
moved from water, to be ultimately deposited in an altered state upon the
bottom of the sca.

The results of these preliminary experiments were, however, not en-
tirely satisfactory. Their difficulty of interpretation was doubtless
due to the fact that we were at that time unaware of all the precautions
which had to be taken in order to obtain results which could be readily
analyzed.

The experiments were therefore repeated in the falt of 1936 (D. L.
F.oand J. P. C), with the introduction of several refinements in tech-
nique and materials; these experiments will here he dealt with more
fully. In the first of them the same calcareous mud was employed, but
of a much finer grade, having passed (according to Dr. Thorp) through
a 0.086 mm. mesh screen.  The dry mud was shown by analysis to con-
tain 1.66 per cent moisture, 90 per cent CaCO,, and 6 per cent SiO, (by
difference). In later experiments, we used pure CaCO, instead, and
found that it served equally well.  (See below.)

In our experiments 8,000 cc. of fresh sea water, to which were added
initially 32 grams of mud (4 grams per liter of water), were placed m
cach of a series of large battery jars. The suspensions were allowed to
stand for about one hour, to allow time for larger aggregates of mud
particles to settle to the bottom.

The mussels were handled carefully throughout the work ; they were
placed on the table for a time with the valve openings vertical to the
surface, in order to allow the water within the mantle cavity to drain
out when the animals opened their shells; this not only prevented
changes in the volume of water introduced into the containers, but prob-
ably rendered the animals sufficiently “ thirsty ” to insure their com-
mencing activities almost directly they were immersed in the suspen-
sions; the prompt opening of their valves after immersion could be
recognized by bubbles of displaced air rising to the surface, and often
also by watching the animals which lay close to the glass walls of the
jars. A moderate stream of air was introduced through a glass tube
reaching to the bottom of each jar, sufficient to insure constant homog-
enous mixing without disturbing the animals or stirring the heavier
material which was deposited on the bottom by ordinary settling or by
the animals.

Although the animals kept their valves apart during the course of
the experiments, it was observed, by following the course of suspended
particles, that the currents of water flowing into the incurrent and out
of the excurrent siphon were not of continuous intensity, but occurred
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at apparently rhythmical intervals, the intensity of the stream alter-
nately increasing to a maximum, then gradually diminishing to a mini-
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IF16. 5. Removal of suspended CaCO, by mussels; first series.
First Series:
Large mussels— 2 animals. Lengths 130 mm. and 110 mm. (average
= 120 mim.).
Total weight 333 grams (average = 166.5 grams)
cach.
Medium mussels—(M,) 4 animals. Lengths 97, 100, 100 and 103 mm. (av-
erage = 100 mm.).
Total weight 302.3 grams (average — 75.6 grams)
cach.
(M,) 4 animals.  Lengths 95, 95, 105 and 105 mm. (aver-
age = 100 mm.).
Total weight 299.4 grams (average = 74.8 grams)
cach.
Small mussels—(S,) 9 amimals. Lengths 70, 78, 67, 73, 76, 72, 75, 74 aud
65 mm. (average — 68.9 mm.).
Total weight 3084 grams (average = 344 grams)
cach.
(S.) 9 animals. lLengths 78, 69, 79, 75, 82, 79, 60, 62 and
82 mm. (average = 74 mm.).
Total weight 360.0 grams (average = 40 grams)
cach.
Ten-ce. samples taken every 15 minutes.  Temperature range 22.85° to 23.4° C.

mum.  This could be observed particularly well e the large mussels.
Mucus-laden strands of the filtered mud were expelled at a slow but
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nearly constant rate from the edges of the mantle at the exhalant open-
ing. These pseudoicces either fell rapidly to the bottom, or, if attached
to an air bubble or two, rose to the top.  They did not break down and
become redispersed.

Samples were removed at stated intervals (10 or 15 minutes) from a
uniform place in the center of the container and at about the mid-depth
point, with calibrated 10-ml. pipettes, and introduced into stoppered ves-
sels for analysis. These samples were acidified hefore washing them
into containers for analysis, in order to insure that none of the colloidal
CaCO, material remained adsorbed to the walls of the vessels. The
microchemical method of Kirk and Moberg (1933) for the analysis of

20 40 so 80 100 120 140 160
Jime in Minvtes
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Fic. 6. Removal of suspended CaCO, by mussels; second series.

Second Series:
Six mussels used.
Medium (M). Lengths 98, 108, 100, 103, 105, 107 mm. (average — 103.5
mm.).
Total weight 611.5 grams (average — 102 grams).
Ten-cc. samples taken. Temperature range 20.8° to 21.35° C.

calcium in blood or sea water was cmployed.  The calcium is precipi-
tated as the oxalate, washed, and titrated in acid solution with standard
potassium permanganate. By this method the amount of calcium is
determined with an accuracy of = 4 mg./liter. The concentration of
dissolved calcium in the ordmary sea water used in these experiments
was determined by the same method.

Controls (i.c. jars containing identical quantities of water and sus-
pended mud, with similar moderate acration hut without mussels) were
always carricd out, parallel with the experiments, and samples were
taken from these at the same intervals.

Two secries of experiments (Numbers 1 and 2) were undertaken
using the calcarcous marine mud ; the results are shown in Figs. 5 and 6.
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The data for these figures were collected and originally tabulated in
exactly the way shown in Table I11.

Two scries of experiments ( Numbers 3 and 4) were also perioried
with the use of pure, finely divided CaCO,: the results are recorded in
Figs. 7 and 8 (from data tabulated as in Table T11. which shows data
from which Fig. 8 was derived). FEFreshly collected specimens were

1 T
100 120 140 160
Minutes

1 i 1 1 1 L A1 I

Fis. 7. Removal of suspended CaCO; by mussels; third series.

Third Series:
Very large mussels,
E,, Two mimals. Lengths 179 and 174 mm. (average = 176.5 mm.).
Weights 434.7 and 395 grams respectively (average = 415
grams).
I2.. Two animals. Lengths 182 and 178 mm. (average = 180 mm.).
Weights 337 and 400 grams respectively (average = 308
grams).
Ten-ce, samples taken,  CaC0, used; 2 grams/liter (16 grams total) in cach

tank. Temperature range 18°-20° C.

used in these experiments. Placed carefully in the containers, they soon
opened their valves, and showed no objection whatever when the car-
honate was added, but continued to filter the water i a normal manner.

In one experiment (see FFig. 7) two pairs of very large mussels, col-
lected at an exceptionally low tide, were employed.  These individuals
were selected from the cateh on the basis of Tair uniformity of size and
their readiness to open their valves and propel water without showing
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cessation of activity or other disturbed responses to slight mechanical
stimuli such as stirring the water in which they were immersed, or
tapping upon the container.

Four jars were set up, cach containing 6 liters of sca water. Two
selected mussels were placed m cach of two jars while the other jars
were left as controls.  Air was passed at a uniform rate through cach
jar of water as before. After all four of the animals had parted their
valves, the additional two liters of water were added to cach jar (to
malke up the total of 8 liters), the suspended CaCO), being added with
the water in the operation.

T T T T ™ T T
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F16. 8.

The “ zero points 7 of the two control jars (without mussels), which
agree very closely, were obtained by taking samples immediately after
adding the CaCO, in the regular manner and are taken to serve as initial
points for the duplicate experiments as well, since identical quantitics
of the salt had been added to the same volumes of water under the same
conditions, and previous experiments had shown good checks in the
initial quantities of suspended material under such conditions.

Table TIT shows data relating to duplicate experiments on (1)
medium-sized mussels (M, and M) and (2) small mussels (S, and S,)
all run simultancously along with a control (C). Four mussels were
placed in cach jar, and the experiments were conducted in a manner
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identical to the previous set. Again, the mitial value for suspended
CaCOy, in the control jar was taken to represent a reliable figure for that
ol the experimental jars.

In these experiments wherein CaCO, was used, 1t 15 noted that al-
though the mmtial quantity of CaCO), suspended in the water exceeds by
an average ol some ten-fold the quantity suspended when the calcareous
marine mud was emploved in the earlier experiments, nevertheless the

Tapre 111

Removal of suspended CaCO; by mussels — fourth series.  Medium mussels:
My—1 animals. Lengths 105, 100, 102 and 109 mm. (Average = 104 mm. cach).
Total weight 342.5 grams (Average = 85.6 grams ecach).  M;—4 animals.  Lengths
106, 104, 102 and 108 mm. (Average = 105 mn. cach).  Total weight 337.5 grams
(Average = 84.4 grams cach). Small mussels: S3—4 animals.  Lengths 78, 79, 77
and 74 mm. (Average = 77 mm. cach). Total weight 139 grams (Average = 34.75
grams).  S;—4 animals.  Lengths 75, 81, 74 and 77 mm. (Average = 77 mm. each).
Total weight 156 grams (Average = 39 grams cach). Ten-ce. samples taken.
Temperature range 19°-20.3° C. CaCO; used.  Two grams per liter (Sixteen grams
total in each tank).

Control C | Medium Mg i Medium M Small Sz ‘ Small Sy
Time Minutes =]
Ca Ca Ca Ca Ca
grams/liter oy s liter grams/liter grams/liter | grams/liter
1:15 P2INLL .. 0 1.2356 | = - = =
2:10 PN 15 1.1185 0542 0314 1.0142 1.1000
2:25 .M. 30 1.0171 L7828 L7271 .8385 L9542
2:40 PN 45 L0585 6714 6142 7571 8642
2:55 P.M. . 60 8928 L6057 54357 6771 8214
SEIORTEARN M 75 8683 5543 Sitd 6371 L7642
31:25 IROMIE .. 90 8242 51835 4728 .6000 7200
340 PPN 105 L7828 4871 4628 5500 L6814
3:55 PiML. . .. 120 L7528 4771 4443 5343 L0428
4:10 PN, . 135 .7300 4585 4457 5143 .6085
4225 PRI . 150 L7028 4457 4385 4957 5671
4:40 PN L 165 60835 4414 4243 4771 5314
4:55 P.NLL . l 180 .6500 4343 ‘ 4257 4685 S143

rate of removal of suspended material by mussels of from 69 to 105 mm.
i length is similar in both series of experiments. (See Table 1V)

The total calcium content represents the sum ol the amount of cal-
cium which is present in solution in the sea water and the added amount
which is present m suspended material. The deerease of the caleium
content with time 1s due to:

1. Gravitational settling of suspended matertal.

2. Removal (Oltration) of suspended material by the mussels.

In the control experiments, which were undertaken without mussels
i the vessel, the deercase was due o gravitational scttling only, and a
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general law can be found for the rate of this settling.  During the ex-
periments with mussels in the vessel, the decrease was due partly to
settling and partly to removal of the material from suspension by the
mussels; knowing the former, the rate of removal of the caleium by the
mussels can be determined by difference.  In all cases the mussels de-
creased the calcium content to a minimunt value of about 430 mg. Ca per
liter, whereas a determination of the contents in water filtered through
paper gave about 440 mg. Ca per liter.  Additional unpublished experi-
ments have shown that a small amount of the calcium in the water,
present probably in a very finely suspended state, could he filtered by the
mussels but was not filtered out by paper alone, previous to analysis. It

TapLe IV

Liters of water passed per mussel per hour.

Size of mussel
Series No. Experi- Number m in
and value ment of Value of b liters
of a No. Mean Mean mussels per hour
weight length
grams mm.
(1) 0.39 1 166.5 120 2 0.93 2.2
2 75.6 100 4 1.81 2.8
3 74.8 100 4 1.82 2.9
4 34.3 69 9 2.80 2.1
5 40.0 74 9 2.57 1.9
(2) 0.70 6 101.9 103.5 6 2859 2.5
(3) 0.54 7 415 176.5 2 5.05 18.1
8 368 180 2 1.36 B
(4) 041 9 85.6 104 4 1.51 2.2
10 84.4 105 4 1.85 2.9
11 34.8 77 4 0.98 1.1
12a 39.0 77 4 0.65 0.5
12b 39.0 77 4 1.02 1.2

appears therefore justifiable to assume that the content in solution was
about 430 mg. Ca per hter and that the suspended amount was cqual
to the observed value minus 430 mg. Ca per liter.  The value 430 may
be in error by about 1 wmg./liter whereby a slight uncertainty is intro-
duced as to the amonut of suspended caleium, and this uncertainty exerts
a corresponding slight influence upon the further treatment of the data,
since this has to be based upon the suspended amount of calcium and
not upon the total amount.

By plotting the results from the control experiment one obtains a
curve of a form which suggests that in the absence of mussels the
amount of suspended calcium can be expressed as an exponential func-
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tion of time. \We assume, therefore, that the amount which is precipi-
tated in unit time is proportional to the total amount which is suspended.
If we have in the vessel 3 liters of water contaming p mg. of suspended
caleium per liter, the amount precipitated i unit time will be wl/p,
where a is a factor of proportionality.  The amount precipitated in the
time dt will be:

(a M pdt)

Concerning the action of the mussel, we will assume that i wnit time
cach mussel pumps m liters of water through its systemn and removes all
suspended calcium from this quantity of water. The amount removed
by one mussel in unit time will then be m p, and if we have n mussels the
amount of suspended calcium removed in the time dt will be:

(o pdt)

The total amount removed owing to both ordinary precipitation and to
the action of the mussels, representing the total decrease of the sus-
pended amount of caleium, is thervefore:

(1) d(M p) = — (nm + alM) pdt

where the minus sign indicates a decrcase.  Therefore;

ap _ _ (“’” T a> dt = — bd

P M
(2) lnp=—<% a>l=——bl
(3) p = poe” i) = pest

The logarithmic decrenment @ can be determined from the control ex-
periment and the logarithmic decrement b from the experiments with
mussels.  The amount of water which passes through one mussel in
unit time 1s then:

b—a

(4) m = A

1{ our assumptions are correct, cach experiment mnst reveal a linear
retationship between the natural logarithm of p (the amount of sus-
pended caleium in mg. liter) and the time. Furthermore, we must ob-
tain nearly the same values of p,, the amount of suspended caleium at the
beginning of the experiment, since in cach case the initial conditions

were as similar as possible.
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In order to examine this question, the values of p have heen com-
puted by subtracting 430 mg., liter from the observed values of the total
calcium content.  All values of p smaller than 5 mg./liter have been
omitted (except in one instance when a value of 4.3 mg./liter has heen
retained) since, owing to the slight uncertainty involved in the micro
method for deternuning the amount in solution (430 mg. liter), small
alues of p have no significance.  In the case of the control experiments
values only from the first three hours have been considered, although p
remained greater than 5 mg./liter.

In Figs. 5, 6, 7, and 8, the values of In p, as derived from the four
series of experiments, have been plotted against time.  The straight
lines represent lines of regression which have been computed by the
method of least squares. It is seen that all poits fall so near to the
lines that the deviations may be considered accidental.  Accidental devi-
ations must arise, since the samples taken from the middle of the jar
cannot be expected to show exactly the average contents of suspended
calcium, and since errors of determination are present. In the case of
the small mussels (S;). in series No. 4, a break in the line appears to
occur after 130 minutes, indicating that the rate of propulsion of water
through the mussels suddenly changed.

From the control experiments, we obtain various values of our con-
stant a, using one hour as the unit of time (see Table IV). The varia-
tion of the values of @ may be due to differences in the velocity of the
stream of air which was passed through the water in order to nsure
Lhomogeneous mixing, or, to a lesser extent, to differences in the effect
of the salt water in coagulating the suspended material.  Tn all experi-
meunts, howeves, the velocity of the air stream was adjusted so that the
rate of bubbling through control jars and experimental jars was as
closely identical as estimation would permit.

From the experiments with mussels we find the values of & which
arc shown in Table IV and the values of m (in liters per hour) which
have been computed by means of formula (4), introducing A/ (8 liters),
the number of mussels (#), and the value of a which was found by
simultaneous control experiment.

The fact that in all cases we find a linear relationship between 0z p
and time appears to furnish strong evidence for the correctness of our
assumptions, but from our equations it is evident that we should obtain
a lincar relationship on other assumptions than these which have been
mtroduced.  We could assume that the mussels remove only a constant
fraction of the suspended calcium when i liters pass through the mus-
sel. The amount removed would then be enm p, where ¢ must be sup-
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posed to be a constant factor smaller than 1O, Tt appears, however,
improbable that a mussel should remove, say. 50 mg./liter when the
content was 100 mg. liter and in the same iterval of time. 2 mg./liter
when the content was 4 mg. liter. .\ change in the ratio of the re-
moved calcium from say 80 per cent of a high content to 100 per cent
of a small content is, however, possible and would not be detected.  If
such a change takes place, our values of m are conservative, being some-
what low. A\nother conceivable possibility which may be mentioned is
that the amount of water passing through the mussel chamber might de-
crease with time and the fraction of calcium removed might increase
(or vice versa). However, the product mp must, since In p is a linear
raction of time, remain nearly constant, and this means that the amount
of water passing through the mussel chamber and the fraction of cal-
cium removed would have to change in opposite directions at the same
rate. It is difficult to conceive a mechanism which would work in such
a manner.  The simplest explanation of our results appears to be that
our original assumptions are correct, viz., that a constant amount of
water passes through the musset chamber in unit time and that virtually
all suspended (and colloidal) calcium in this amount of water is re-
moved.

We have furthermore supposed that the water passing through the
mussels has the average calcium content of the water in the vessel,  In
order to satisfy this condition, the water must be stirred. since the mus-
sels Iving on the bottom of the vessel remove practically all suspended
calcinm from the water passing through them.  The stirring must be
adapted to the number of mussels; the greater this number the more
rapid must the stirring e, The effect of insufficient stirring upon the
observations would he that I p would no longer be a linear function of
time, hut would decrease more and more slowly as the experiment ad-
vanced.  The reason for this is that the amount of suspended calcium
removed by the mussels would no longer be proportional to p. but since
the bottom laver, where the mussels lie, would be depleted of calcium
more rapidly, it would be proportional to some function of p which de-
creases with time. \We can introduce

nm pe tdt
imstead of
nm pdt
and obtam

Inp=Inpy —at — ’{;’; (1 — e )
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At great values of ¢, we obtain

111p=]11p0—ﬂ—(11,

Mc

meaning that the decrease in the calcium content approaches the value
which is due to gravitational settling only. The coefficient ¢ which has
heen introduced depends upon the rate with which water passes through
the mussels and upon the rate of stirring, and a determination of this
coefficient 1s hardly possible. A computation therefore cannot be based
upon the results of such experiments. During the experiments which
arce dealt with here, the water was stirred by passing through a constant
stream of air, and the agreement between observed and computed values
shows that the stirring was sufficient.

Two preliminary experiments which Fox and Schwenck undertoolk
in the summer of 1933 with two very large mussels weighing 485 and

TapLe V

Rates of water propulsion by mussels.

Weight of mussels Length of mussels Total Rate of water propulsion
Number ex- no.
periments | mussels

Range Average Range Average used Range Average

grams grams mm. mm. liters/hr. liters/hr.
337-513 431 174-182 178 4 6 1.8-18.1 6.4

75-166 93 95-130 102 6 24 2R2=80K9 2.6

34— 40 37 60— 82 74 4 26 0.5- 2.1 1.4

515 grams show a wider scattering of the observed values. but they indi-
cate a linear relationship between (1 p and ¢, giving m equal to 1.8 and
2.4 liters per hour respectively.

Other preliminary experinients by Fox and Schwenck, i1 the sunumer
of 1935, gave less consistent values. In these experiments a large num-
ber of small mussels were used and In p decreased rapidly at the begin-
ning, but slowly at the end of the experiments, probably because the
stirring was insufficient.

The results of all experiments, including the preliminary ones by
TFox and Schwenck, are summarized in Table \'.  The very large mus-
sels show an enormous range in their rate of water propulsion, perhaps
owing to individual differences or perhaps because they work intermit- |
tently. The value obtained from one of the experiments, 18.1 liters per
hour, is quite enormous, but it is undoubtedly correct since it is based on
good observations during one full hour, and it shows that in certain cir-
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cumnstances large mussels can pump great quantities of water through
their systems.  The average value for the large mussels, 6.4 liters per
hour, cannot be given any weight owing to the wide range of the single
values and the small number of experiments.  The medium-sized mus-
sels appear to he more consistent in their behavior, the range of the
single values is small and the average value, 2.6 liters per hour, can
therefore he considered nearly correct.  The small mussels show again
a wider range of their rate of water propulsion and while the average
value is uncertain, it undoubtedly lies below that of the larger animals.

It would be expected that both the weight and the volume (capacity
of the gill chamber) of the mussel should be proportional to some fairly
constant power of one of the linear dimensions, say the length of the
shell, and that weight should show a linear relationship to capacity.  The
capacity (in mbL) was determined by allowing mussels whose gill cham-
bers had been emptied of sea water to refill their cavities on inmmersion
in a known volume of sea water, then causing the animals to close their
valves, removing them from the vessel, and measuring the residual water
in the container. DPlotting the average lengths of a series of different
sized animals (in mm.) against their capacities (in ml.) showed a steeply
rising curve of an exponential character ; length plotted similarly against
weight of animals (in grams) emptied of water showed a curve of simi-
lar character (sce also Galtsoff, 1931, who obtained a similar relationship
in the Tawaiian pearl oyster) ; finally the relationship between weight
and capacity was shown to be a linear one.

An extensive series of experiments performed upon mussels of dif-
ferent known capacities, weights, and lincar dimensions would perhaps
disclose an interesting relationship between any of these attributes (say
the volume), and the rate of propulsion of water by cach size of ** pump-
ing system.”

SUMMARY

A method is described for determining the approximate average rate
at which the California mussel, 3 yiilus californianus, propels water
throngh its gill chambers.

The method consists of analvses at frequent intervals of the amount
of caleium remaining in suspension (as CaCO),) in a given volume of
continually stirred water containing the mussels, which remove the sus-
pended material as they pass the water through their chambers,

Mathematical treatment and interpretation of the data obtained, sup-
port the conclusions that (1) virtually all of the suspended matter is re-
moved as the water passes over the mucous surfaces of the gills and
mantle of the mussel; (2) the mussel propels the water rhythmically
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through its filtering system at a rate which on an average is constant,
varying according to the size and perhaps also according to other physi-
ological attributes of the animals.  In medium-sized animals (of 95 to
130 mm. length) the propulsion rate may vary between extreme values
of 2.2 and 2.9 liters per hour, and has an average value of approximately
2.6 liters per hour.
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